Central serous chorioretinopathy (CSC) is the fourth most common cause of nonsurgical maculopathy after age-related macular degeneration, diabetic retinopathy, and branch retinal vein occlusion.[@bib1] This disease is characterized by sudden blurring or dimming of vision, micropsia, metamorphopsia, paracentral scotoma, or decrease in color vision.[@bib1] CSC occurs frequently in otherwise healthy, young, or middle-aged patients who are predominantly male and develop exudative detachment of the neurosensory retina, often associated with an underlying focal or multifocal serous elevation of the retinal pigment epithelium (RPE).[@bib2]^,^[@bib3] Other associated risk factors include exogenous steroid use, type A personality, and endogenous hypercortisol conditions.[@bib4]^,^[@bib5]

RPE changes overlying areas of choroidal thickening have been observed in fellow eyes of patients with unilateral CSC, described as pachychoroid pigment epitheliopathy (PPE).[@bib2] PPE was previously considered a type of forme fruste of CSC, as it is usually asymptomatic and the majority of the eyes do not develop frank neurosensory retinal detachments.[@bib2] Clinically, reduced fundus tessellation, absence of drusen, mottling of the RPE, and irregular areas of RPE elevation are frequently observed.[@bib2] Thickened choroid and dilated Haller\'s layer vessels on enhanced-depth imaging optical coherence tomography (EDI-OCT) were observed in both conditions.[@bib2]^,^[@bib6]^,^[@bib7] With similar underlying choroidal findings, CSC and PPE share a common pathophysiologic mechanism, suggesting both should be considered part of a disease spectrum known as pachychoroid disease.[@bib8] This spectrum includes CSC, PPE, pachychoroid neovasculopathy (PNV), polypoidal choroidal vasculopathy (PCV)/aneurysmal type 1 neovascularization, focal choroidal excavation, and peripapillary pachychoroid syndrome.[@bib2]^,^[@bib8]^--^[@bib13] Shared features include the characteristic attenuation of the choriocapillaris overlying dilated choroidal veins leading to progressive dysfunction of the RPE and risk of choroidal neovascularization.[@bib13] Furthermore, history of CSC is considered a risk for the development of PCV.[@bib14]^--^[@bib17]

Focal RPE dysfunction was originally thought to be the main pathology for CSC, but Negi and Marmor[@bib18]^,^[@bib19] demonstrated that a simple barrier defect in the RPE alone did not lead to neurosensory retinal detachment in experimental studies. RPE dysfunction has been found to correspond to areas of increased choroidal hyperpermeability on late-phase indocyanine green angiography (ICGA) images[@bib20]^,^[@bib21] thought to be secondary to hydrostatic dysfunction of the choroid[@bib14]^,^[@bib20]^,^[@bib22]^--^[@bib28] and areas of increased choroidal thickness[@bib29] observed with cross-sectional EDI-OCT images attributed to luminal dilatation mainly in the outer vascular layer of the choroid.[@bib6]^,^[@bib7]^,^[@bib30]^,^[@bib31] These choroidal abnormalities then lead to the development of an overlying serous pigment epithelial detachment (PED) and subsequent detachment of the neurosensory retina in the macular region.[@bib32]^--^[@bib34]

However, these previous ICGA studies were limited to the posterior pole without extensive peripheral imaging of the vortex veins. Ultra-widefield imaging (UWF) has expanded our ability to capture the peripheral retina up to 200 degrees with ICGA.[@bib35]^--^[@bib40] Previous qualitative studies of UWF ICGA hypothesized that in CSC eyes, there may be a congestive component with decreased outflow through the peripheral vortex veins,[@bib38]^,^[@bib41]^,^[@bib42] and one study of UWF ICGA using densitometry analysis of the entire choroidal vasculature demonstrated increased choroidal vessel density in CSC versus normal eyes but did not evaluate PPE eyes or compare the flow signal in separate quadrants based on the location of the vortex veins. In this study, we quantitatively evaluated the brightness signal of the mid-phase UWF ICGA as a surrogate for vascular outflow congestion in CSC and PPE eyes compared to age-matched, nonpachychoroid control eyes and traced the entire course of the choroidal outflow up to the ampulla of each respective vortex vein in a single image acquisition.

Methods {#sec2}
=======

This retrospective, cross-sectional comparative cohort study design (protocol \#20160664) was approved by the Western Institutional Review Board (Puyallup, WA). This study complied with the Health Insurance Portability and Accountability Act of 1996 and followed the tenets of the Declaration of Helsinki.

Participants {#sec2-1}
------------

Patients with characteristics of treatment-naïve, pachychoroid spectrum disease (CSC/PPE) who had previously undergone thorough clinical assessment and multimodal imaging, including UWF ICGA, EDI-OCT, spectral-domain optical coherence tomography (SD-OCT), fundus photography, fundus autofluorescence (FAF), and UWF fluorescein angiography (FA), as indicated for their ongoing care, were identified for the study from a vitreoretinal referral practice located in San Ramon, California (JJJ). Prior treatment with laser, photodynamic therapy, and anti--vascular endothelial growth factors was an exclusion criterion; therefore, eyes with PNV and PCV/aneurysmal type 1 neovascularization were not included in this study. Diagnosis of CSC was established based on clinical history, examination, and multimodal imaging identifying the presence or history of exudative retinal detachment with serous PED, characteristic FAF with zones of hyperautofluorescence, geographic speckled hyperautofluorescence, gravitational tracts of hyper- or hypoautofluorescence,[@bib43]^--^[@bib45] and EDI-OCT findings of pachychoroid with choroidal thickness \>300 µm in any location or an extrafoveal focus exceeding the choroidal thickness of the fovea by at least 50 µm.[@bib46] FA demonstrated one or multiple focal leaks at the level of RPE, and ICGA showed areas of delayed choroidal filling and prominent venous dilation with leakage.[@bib13] Diagnosis of PPE was based on clinical history, examination, and multimodal imaging identifying the characteristic reduced fundus tessellation without drusen, mottling of the RPE, and irregular areas of RPE elevation or PEDs.[@bib2] FAF typically demonstrated mottled hypoautofluorescence and areas of hyperautofluorescence in foci of apparent RPE thickening or hyperplasia.[@bib13]^,^[@bib46] EDI-OCT also demonstrated a thickened choroid and dilated Haller\'s layer vessels as previously defined by Dansingani et al.[@bib46] ICGA in PPE eyes typically exhibited leakage and hyperpermeability in the areas of thickened choroid, dilated Haller\'s vessels, and overlying pigment epitheliopathy.[@bib13]^,^[@bib46] The control, nonpachychoroid patients originally underwent FA and ICGA to evaluate for chorioretinal disease, including suspicious choroidal lesions and tumors and to rule out inflammatory uveitis. Eyes with inflammatory choroiditis were excluded from the control group. Clinical, demographic, and imaging factors were analyzed, including age, gender, eye laterality, visual acuity, central foveal thickness, and subfoveal choroidal thickness.

Ultra-Widefield Indocyanine Green Angiography {#sec2-2}
---------------------------------------------

Ultra-widefield angiography, including FA and ICGA imaging, was obtained simultaneously after an intravenous injection of an equal mixture of 5 mL 10% sodium fluorescein and 25 mg ICG on the Optos California (P200DTx *icg*; Optos, Inc., Dunfermline, UK), which enabled imaging up to 200 degrees, or 82% of the retina, in a single image. ICGA excitation wavelengths of approximately 800 nm, a cutoff at 807 nm in the barrier filter, and a transmission wavelength extending beyond 900 nm were used. Acquisition of FA and ICGA interweaving images was performed by trained retinal photographers, and the contrast and brightness of each frame were adjusted by the automated algorithm, Auto-Contrast (Optos Advance 4.3; Optos, Inc.) within the Optos California. Images were selected from mid-phases after 2 to 5 minutes from initial dye injection, allowing for complete filling of the choroidal vessels extending to the vortex ampullae without oversaturation of the brightness and late obscuration of the fluorescence signal. Images were reviewed and included based on good centration, minimal eyelid and eyelash artifacts, and view of all four vortex ampullae. Detailed analysis of the patterns of UWF ICGA was correlated with clinical and EDI- and SD-OCT findings.

Image Analysis {#sec2-3}
--------------

Combined FA and ICGA images were processed by cropping the image to remove nonchoroidal imaging artifacts (eyelids and eyelashes) and included only the choroidal vessels and vortex ampullae. All UWF ICGA image size and rotation were standardized. The image was then segmented into quadrants based on the most central extension of the choroidal vessel draining into its respective vortex veins ([Fig. 1](#fig1){ref-type="fig"}). [Figure 2](#fig2){ref-type="fig"} describes the detail flow of image processing. The image background was excluded from the segmented image based on pixel values (*I~eye~*). Multilevel image thresholding using Otsu\'s method[@bib47] was applied to *I~eye~*, generating a binarized image and a mask (mask~1~) of the targeted region for analysis. The pixels with values lower than the predetermined threshold were excluded. Enhanced regions were extracted from *I~eye~* using a local adaptive threshold calculated based on the Gaussian weighted average (mask~2~).[@bib48] A small region of interest (ROI) was laid over the whole image to compute local-neighborhood threshold. The size of ROI was 3 by 3 pixels, and the foreground was assumed to be brighter than background. The sensitivity factor (that indicated sensitivity toward thresholding more pixels as foreground) was set as 0.63 within the range of \[0, 1\]. The ICGA-enhanced regions (*I~ICGA~*) were extracted by taking the logical sum of *I*~eye~, mask~1~, and mask~2~. The pixel values, representing intensity described as an 8-bit integer (0 to 255), of the extracted *I~ICGA~* were defined as brightness, and the average, standard deviation, and maximum and minimum values were calculated for the entire eye and each quadrant. The number of pixels in *I~eye~* and *I~ICGA~* was determined, and the ratio of the enhanced region to the entire eye region was calculated. All image processing was performed using MATLAB R2018b with image processing toolbox (MathWorks, Natick, MA).

![Representative mid-phase ultra-widefield indocyanine green angiography images (Optos California; Optos, Inc., Dunfermline, UK) after removal of imaging artifacts from a left eye diagnosed with chronic central serous chorioretinopathy. (**A**) Using multilevel image thresholding with Otsu's method[@bib47] and local adaptive threshold calculations based on pixel values and (**B**) after segmentation to quadrants based on the most central extension of the choroidal vessel draining into respective vortex veins (*yellow arrowheads*).](iovs-61-8-50-f001){#fig1}

![Image processing procedure used in this study. Both global and local thresholding methods were employed in parallel for the original image (*I~eye~*) for the purpose of removing nonenhanced pixels (mask~1~) and extracting enhanced pixels (mask~2~). The final image, which represents the ICGA-enhanced pixels (*I~ICGA~*), was the multiplication of *I~eye~*, mask~1~, and mask~2~.](iovs-61-8-50-f002){#fig2}

Statistical Analysis {#sec2-4}
--------------------

Within a given eye, the brightness "max-min" value was calculated to assess nonuniformity between four quadrants. Specifically, the quadrant with the least brightness was subtracted from the quadrant with the greatest brightness. We plotted the cumulative distribution function to characterize differences in the distribution of max-min brightness value and reported the results from a *t*-test to quantify the mean max-min difference in brightness between pachychoroid eyes and control eyes. A multivariate linear regression was performed to determine, across individual eyes, which specific quadrants had the greatest brightness in pachychoroid eyes, after taking into account patient-eye-specific variability (fixed effects). Specifically, we regressed the average brightness within a quadrant on dummy variables to study each of the quadrants (with the superonasal quadrant, which was the least bright as the reference group) after controlling for patient-eye-specific fixed effects (i.e., including indicator variables for the interaction between patient and eye). Hiroe and Kishi[@bib49] previously demonstrated that the superonasal vortex vein is the least active in both control and CSC eyes. By using fixed effects for our linear regressions, we accounted for variation in baseline contrast or brightness (along with variation with any other possible confounding variable for which we are unaware) between eyes. Similarly, a multivariate linear regression was performed to determine, across individual eyes, which specific quadrants had the greatest brightness in control eyes. Subsequently, a multivariate linear regression was performed to determine if there were significant differences in brightness within specific quadrants (relative to the first quadrant) across pachychoroid and control eyes. Data was analyzed using the Stata 13.0 statistical package (StataCorp LP, College Station, TX, USA). Significance was set at *P* \< 0.05.

Results {#sec3}
=======

Demographics {#sec3-1}
------------

We included 33 eyes of 18 patients with pachychoroid disease (CSC/PPE) who met the inclusion criteria along with 16 eyes of 9 controls. Within the pachychoroid group, 19 (57.57%) eyes had an active CSC at the time of image acquisition and 14 (42.42%) eyes had PPE. Baseline characteristics are summarized in [Table 1](#tbl1){ref-type="table"} and did not significantly differ between groups aside from subfoveal choroidal thickness. Both pachychoroid and control groups were comparable in terms of age. Average age was 53.78 ± 17.92 years and 51.94 ± 9.72 years for the control and pachychoroid groups, respectively (*P* = 0.73). Fifty percent (8/16) of eyes were right sided in the control group versus 48.5% (16/33) in the pachychoroid group (*P* = 0.923). Gender predominance did not significantly differ between groups, although males composed the majority in the pachychoroid group (13/18, 72.22%) and the minority in the control group (4/9, 44.44%; *P* = 0.171). Mean logMAR best-corrected visual acuity was comparable between groups at 0.065 ± 0.09 (20/23.75) and 0.168 ± 0.21 (20/33) in the control and pachychoroid groups, respectively (*P* = 0.067). The mean central foveal thickness did not significantly differ between control (281.07 ± 16.10 µm) and pachychoroid eyes (315.91 ± 90.15 µm, *P* = 0.16). Subfoveal choroidal thickness was significantly thicker in the pachychoroid group compared to controls (477.30 ± 114.23 µm vs. 274.50 ± 110.15 µm, *P* \< 0.001).

###### 

Demographics

  Characteristic                       Control (*n* = 16 Eyes of 9 Patients)   Pachychoroid (*n* = 33 Eyes of 18 Patients)   *P* Value
  ------------------------------------ --------------------------------------- --------------------------------------------- -------------
  Age, y                               53.78 ± 17.92                           51.94 ± 9.72                                  0.731
  Laterality (right eye)               8 (50.0)                                16 (48.5)                                     0.923
  Gender (male)                        4 (44.44)                               13 (72.22)                                    0.171
  BCVA, logMAR                         0.065 ± 0.09                            0.169 ± 0.21                                  0.067
  Central foveal thickness (µm)        281.07 ± 16.10                          315.91 ± 90.15                                0.16
  Subfoveal choroidal thickness (µm)   274.50 ± 110.15                         477.30 ± 114.23                               **\<0.001**

Baseline demographics comparing control eyes to eyes with pachychoroid. Data are presented as mean ± SD or number (%). Bold values denote significance set at *P* \< 0.05.

Quantitative UWF ICGA Image Analysis {#sec3-2}
------------------------------------

As described in the Methods section, brightness levels were determined per pixel and averaged within quadrants, with the mean image size per quadrant of 149,493 ± 59,257 pixels (range, 50,613 to 380,497 pixels). The number of pixels (and therefore size of quadrants) did not significantly differ (*P* = 0.77). On average, the max-min brightness within control eyes was 14.15 ± 9.23 units. The average max-min brightness within pachychoroid eyes was 19.85 ± 11.85 units. On average, pachychoroid eyes have max-min brightness that is significantly higher than control eyes (5.66 units, *P* \< 0.001).

The cumulative probability density plot ([Fig. 3](#fig3){ref-type="fig"}) shows that the cumulative distribution of nonuniform drainage (among vortex veins of a given eye) as measured by max-min brightness for pachychoroid eyes (dashed line) right-shifted relative to that of control eyes (solid line), indicating that pachychoroid eyes have higher max-min brightness relative to control eyes throughout the distribution. This indicates that across the board, pachychoroid eyes were observed to be more prone to having nonuniform drainage in between vortex veins as compared to control eyes.

![Graph of the cumulative distribution function (CDF) of max-min ICGA quadrant brightness. Max-min value of ICGA quadrant brightness is a nonuniformity measure and was calculated by subtracting the brightness level of the quadrant with the least brightness from the quadrant with the greatest brightness in a given eye. Note that pachychoroid eyes (Pachy) uniformly had greater max-min values than control eyes across the board.](iovs-61-8-50-f003){#fig3}

Multivariate Regression Analysis {#sec3-3}
--------------------------------

Among pachychoroid eyes, the inferonasal and inferotemporal quadrants were both significantly brighter compared to the superonasal quadrant at 9.35 units (*P* \< 0.001) and 17.23 units (*P* \< 0.001), respectively ([Table 2](#tbl2){ref-type="table"}). When evaluating the individual cohorts of CSC and PPE individually, we found similar asymmetrical brightness of the inferonasal (CSC: 11.03 units, *P* \< 0.001; PPE: 7.06 units, *P* = 0.018) and inferotemporal quadrants (CSC: 16.36 units, *P* \< 0.001; PPE: 18.43, *P* \< 0.001) ([Supplementary Tables S2](#iovs-61-8-50_s001){ref-type="supplementary-material"}A, [S2](#iovs-61-8-50_s001){ref-type="supplementary-material"}B). We repeated the same exercise for control eyes and found that similar to pachychoroid eyes, both the inferonasal and inferotemporal quadrants were brighter than the superonasal quadrant, although the magnitudes of the differences were significantly smaller. Specifically, among control eyes, on average, the inferonasal quadrant was marginally brighter than the superonasal quadrant at 3.99 units (*P* = 0.054) while the inferotemporal quadrant was significantly brighter than the superonasal quadrant (9.72 units, *P* \< 0.001; [Table 3](#tbl3){ref-type="table"}). Overall, after adjusting for the preferential, nonuniform drainage in control eyes, the inferonasal and inferotemporal quadrants in pachychoroid eyes were significantly brighter than the reference quadrant by 5.36 units (*P* = 0.034) and 7.51 units (*P* = 0.008), respectively ([Table 4](#tbl4){ref-type="table"}). Similarly, when evaluating the individual cohorts of CSC and PPE separately and adjusting for preferential, nonuniform drainage in control eyes, we observed similar statistically significant asymmetrical brightness of the inferonasal for CSC (7.04 units, *P* = 0.006) but not for PPE (3.07 units, *P* = 0.383) due to a small sample size. The inferotemporal quadrants (CSC: 6.64 units, *P* = 0.017; PPE: 8.71, *P* = 0.052) were significantly different in comparison to the reference group ([Supplementary Tables S4](#iovs-61-8-50_s001){ref-type="supplementary-material"}A, [S4](#iovs-61-8-50_s001){ref-type="supplementary-material"}B). These differences in brightness level per quadrant are further illustrated in [Figure 4](#fig4){ref-type="fig"}. Although not significant, since there was a difference in the gender composition between the control and pachychoroid groups, we confirmed that the results were essentially unchanged when analyzing only male subjects.

###### 

Multivariate Regression Analysis Comparing Brightness Levels Between Quadrants in Pachychoroid Eyes

                                                             95% Confidence Interval   
  ---------------- ------------- ------ ------ ------------- ------------------------- -------
  Superonasal      *Reference*                                                         
  Superotemporal   1.04           1.51   0.69  0.493         --1.95                    4.02
  Inferonasal      9.35           1.51   6.19  **\<0.001**   6.35                      12.34
  Inferotemporal   17.23          1.98   8.72  **\<0.001**   13.31                     21.16

Multivariate linear regression analysis was performed comparing average brightness level between quadrants in pachychoroid eyes, controlling for patient-eye-specific fixed effects (i.e., including indicator variables for the interaction between patient and eye). More positive values correspond to brighter quadrants. Bold values denote significance set at *P* \< 0.05.

###### 

Multivariate Regression Analysis Comparing Brightness Levels Between Quadrants in Control Eyes

                                                             95% Confidence Interval   
  ---------------- ------------- ------ ------ ------------- ------------------------- -------
  Superonasal       *Reference*                                                        
  Superotemporal       0.14       2.29   0.06  0.951         --4.48                    4.76
  Inferonasal          3.99       2.02   1.98  0.054         --0.08                    8.06
  Inferotemporal       9.72       2.00   4.87  **\<0.001**   5.70                      13.74

Multivariate linear regression analysis was performed comparing average brightness level between quadrants in control eyes without pachychoroid, controlling for patient-eye-specific fixed effects (i.e., including indicator variables for the interaction between patient and eye). More positive values correspond to brighter quadrants. Bold values denote significance set at *P* \< 0.05.

###### 

Multivariate Regression Analysis Comparing Brightness Levels Between Quadrants in Pachychoroid Eyes Adjusted for Values From Control Eyes

                                                                 95% Confidence Interval   
  ---------------- ------------------- ------ ------ ----------- ------------------------- -------
  Superonasal       *Reference group*                                                      
  Superotemporal          0.89          2.73   0.33  0.743       --4.49                    6.28
  Inferonasal             5.36          2.51   2.14  **0.034**   0.40                      10.31
  Inferotemporal          7.51          2.80   2.68  **0.008**   1.98                      13.05

Multivariate linear regression analysis was performed comparing average brightness level between quadrants in pachychoroid eyes, after adjusting for preferential, nonuniform drainage in controls eyes. Patient-eye-specific fixed effects were controlled in the regression (i.e., including indicator variables for the interaction between patient and eye). More positive values correspond to brighter quadrants. Bold values denote significance set at *P* \< 0.05.

![Intraquadrant comparison of quadrant brightness level between control and pachychoroid eyes. *White lines* indicate median value. *Red lines* indicate mean value. Boxplots indicate minimum, 25th percentile, 75th percentile, and maximum values. ICG, indocyanine green; IN, inferonasal quadrant; IT, inferotemporal quadrant; Pachy, pachychoroid eyes; SN, superonasal quadrant; ST, superotemporal quadrant. \*Significant at *P* \< 0.05 comparing mean values.](iovs-61-8-50-f004){#fig4}

Discussion {#sec4}
==========

The majority of the clinical manifestations of CSC, PPE, and the pachychoroid spectrum of disease is concentrated within the macular region.[@bib1]^,^[@bib2]^,^[@bib8]^,^[@bib9]^,^[@bib11]^,^[@bib13] However, advances in ultra-widefield imaging technology have previously demonstrated extensive peripheral retinal involvement in patients with CSC, beyond that of the field detectable by standard nonwidefield imaging.[@bib36]^,^[@bib38]^,^[@bib50] In our study, we used mid-phase images from UWF ICGA and quantitatively compared brightness levels between quadrants of a given eye. This max-min analysis comparing the nonuniformity between four quadrants and subtracting the quadrant with the least brightness from the quadrant with the greatest brightness within a given eye allowed for independent measurement of pixels correlating to brightness across the pachychoroid and control groups. The cumulative probability density ([Fig. 3](#fig3){ref-type="fig"}) revealed significant nonuniformity in ICGA dye drainage through vortex veins between quadrants at every percentile in pachychoroid (CSC/PPE) eyes compared to normal controls. When limiting our analysis to only eyes with CSC or only eyes with PPE separately, similar trends were found ([Supplementary Tables S2](#iovs-61-8-50_s001){ref-type="supplementary-material"}A, [S2](#iovs-61-8-50_s001){ref-type="supplementary-material"}B, [S4](#iovs-61-8-50_s001){ref-type="supplementary-material"}A, [S4](#iovs-61-8-50_s001){ref-type="supplementary-material"}B).

Multimodal imaging of the pachychoroid spectrum has previously demonstrated that the pathology appearing within the macula is due to RPE dysfunction with underlying choroidal thickening, dilation of Haller\'s layer vessels, and choroidal hyperpermeability on angiography due to attenuation of the overlying choriocapillaris in areas of dilated deep choroidal vessels.[@bib6]^,^[@bib7]^,^[@bib13]^,^[@bib14]^,^[@bib22]^,^[@bib29]^--^[@bib31] Studies have demonstrated with en face swept-source OCT that pachychoroid eyes have dilated deep choroidal vessels concentrated in areas of maximal choroidal thickness that remain abnormally enlarged in contrast to the physiologic tapering of caliber that normally occurs as vessels approach their most posterior extent.[@bib46]^,^[@bib49] The origin of the abnormal pachychoroid vessels appeared to extend from outside of the swept-source viewing parameters (a 12 × 9-mm area). The authors hypothesized that this may be attributable to systemic factors such as elevated serum cortisol or local factors such as outflow congestion.[@bib20]^,^[@bib22]^--^[@bib28]^,^[@bib46]

Using UWF ICGA, Pang et al.[@bib38] reported based on subjective grading of fluorescence varying degrees of choroidal vessel dilation along the entire drainage course toward individual vortex vein ampullae, suggesting outflow congestion as the cause of the posterior manifestations of CSC.[@bib20]^,^[@bib22]^--^[@bib28] Furthermore, this theory is supported by significant differences in mean choroidal vessel density (MCVD) in CSC versus control eyes described by Hirahara et al.[@bib50] after binarizing the choroid in UWF ICGA images. In the same report, significantly higher MCVD was noted in the posterior pole region and inferiorly, similarly seen in both CSC and control eyes. Interestingly, the overall choroidal density was significantly higher among CSC eyes than controls in the entire area, including the macular region and peripheral areas.[@bib50] These authors surmised that the increase in MCVD was attributed to dilation of choroidal vessels and variable increases in choroidal vessel diameters rather than increases in overall choroidal vessel count.[@bib50] Similarly, we found that quantitatively based on brightness metrics, pachychoroid eyes have significantly greater nonuniformity in drainage than nondiseased eyes (5.66 units, *P* \< 0.001). More specifically, the cumulative probability density plot ([Fig. 3](#fig3){ref-type="fig"}) showed that the cumulative distribution of nonuniform drainage (among vortex veins of a given eye) for pachychoroid eyes had a higher max-min brightness relative to control eyes across the board. This drainage asymmetry in the vortex veins was consistent with that described by Hiroe and Kishi,[@bib49] wherein asymmetric outflow was noted in all CSC eyes as compared to 38% of normal eyes. This difference between pachychoroid and normal eyes may readily explain the presumed mechanism of increased intraluminal hydrostatic pressure leading to enlarged lumens of deep choroidal vessels[@bib20]^,^[@bib22]^--^[@bib28]^,^[@bib50] extending from the macula to the vortex vein ampullae and may be a characteristic finding within the pachychoroid spectrum.

Results of the multivariate regression model showed significantly brighter inferior quadrants in both control and pachychoroid eyes, relative to superior quadrants. Using a comparison to the superonasal quadrant, the difference in pachychoroid eyes, after adjusting for the preferential, nonuniform drainage in control eyes, demonstrated that the inferonasal and inferotemporal quadrants in pachychoroid eyes continued to be significantly brighter than the reference quadrant by 5.36 units (*P* = 0.034) and 7.51 units (*P* = 0.008), respectively ([Table 4](#tbl4){ref-type="table"}). When limiting our analysis to only eyes with CSC or only eyes with PPE separately, similar trends were found ([Supplementary Tables S2](#iovs-61-8-50_s001){ref-type="supplementary-material"}A, [S2](#iovs-61-8-50_s001){ref-type="supplementary-material"}B, [S4](#iovs-61-8-50_s001){ref-type="supplementary-material"}A, [S4](#iovs-61-8-50_s001){ref-type="supplementary-material"}B). Similarly, Hirahara et al.[@bib50] demonstrated that the MCVD with binarization in both control eyes was significantly higher (*P* \< 0.05, Bonferroni test) in the macula (37.01% ± 1.44%) and inferior (36.98% ± 0.88%) areas compared to the superior (31.37% ± 0.97%) region and, in CSC eyes, significantly higher (*P* \< 0.01, Bonferroni test) in the posterior (41.04% ± 0.82%) and inferior (38.65% ± 0.27%) areas compared to the superior (34.02% ± 0.97%) region. Furthermore, previous studies have reported that asymmetric vortex drainage occurred in 38% to 50% of normal control eyes, of which 53% to 67% had preferential drainage superotemporally and 47% inferotemporally, but no preferential drainage was noted superonasally.[@bib49]^,^[@bib51] Inherently, the difference in brightness levels per quadrant we found in our study presumably reflects the amount of dye and asymmetry in rates of dye clearance in each quadrant. Gravity may explain preferential flow toward the inferior vortex veins,[@bib52] but another explanation may be a lower rate of dye clearance inferiorly. Venous blood attempting to flow through inferior vortex veins would face a tighter, more circuitous drainage as it flows beyond the inferior medial and lateral vortex veins through the smaller caliber plexus and eventually drains into the superior ophthalmic vein as compared to the vortex drainage superiorly, which drains directly into the superior ophthalmic vein.[@bib53]

This may explain the finding of asymmetry in drainage in both control and pachychoroid eyes, but the pathophysiology underlying the increased brightness indicative of delayed outflow through the inferior vortex veins in pachychoroid disease remains unclear.[@bib2]^,^[@bib13]^,^[@bib21]^,^[@bib38] A recent study in cynomolgus monkeys demonstrated that occluding two vortex veins altered the filling pattern and structures of choroidal vessels and led to delayed choroidal filling on ICGA and increased choroidal thickness in the occluded regions.[@bib54] Interestingly, occlusion of only one vortex vein had little influence on the structural status of the choroid.[@bib54] These findings suggest that the compensatory anastomotic mechanism of venous blood drainage may be sufficiently efficient to compensate when only one vortex vein is hindered. Perhaps in diseases (such as those within the pachychoroid spectrum), in which there are multiple inferior vortex veins concurrently affected, there may be resulting venous congestion to a level that overwhelms the normal drainage. This could then lead to dilation within the deep, Haller choroidal vessels and result in overlying choriocapillaris attenuation, RPE dysfunction, and subsequent exudation in the posterior pole.[@bib33] As Cheung et al.[@bib13] surmised, pachychoroid disease may have a heritable component,[@bib55]^--^[@bib58] in addition to environmental factors, that causes an altered response to steroids manifesting as inferior vortex vein ampulla engorgement and outflow asymmetry.

Similar to severe cases of chronic CSC, idiopathic uveal effusion syndrome presents with exudative retinal and ciliochoroidal detachment, oftentimes associated with nanophthalmos or shorter axial lengths.[@bib38]^,^[@bib59] The suggested pathophysiologic mechanism was thought to be either due to vortex vein compression secondary to abnormally thickened sclera, which could resolve with vortex vein decompression,[@bib60] or due to decreased permeability of the sclera that could improve with sclerectomies and sclerostomies.[@bib61]^--^[@bib66] Hiroe and Kishi[@bib49] hypothesized that a thickened sclera might narrow the scleral tunnel in which the vortex veins penetrate and exit. These authors observed that CSC does not typically occur in highly myopic eyes with thin sclera,[@bib49] whereas eyes with shorter axial lengths and uveal effusion syndrome are associated with a thickened sclera.[@bib49]^,^[@bib60]^,^[@bib61] Venkatesh et al.[@bib59] described a case of chronic CSC that improved with partial-thickness scleral resection with mitomycin C, and although the authors did mention that the chronic CSC may resolve spontaneously, the dramatic improvement anatomically and visually was thought to be related to the surgical procedure. Although we do not suggest surgical intervention for cases of pachychoroid disease, these observations may explain the structural mechanism inherent within these eyes that leads to vortex vein engorgement and delayed outflow.

The retrospective nature of the study and the number of subjects contribute to the limitations of this study. Moreover, although not statistically significant (*P* = 0.17), the pachychoroid group had a greater representation of males (13 of 18 subjects, 72.22%) when compared to the control group (4/9, 44.44%), which would be expected given the male predominance of CSC.[@bib13] When reanalyzing our data, after omitting all female subjects, we confirmed that the results were essentially unchanged (data not shown). In addition, the control group included eyes that were not completely normal, and we included eyes imaged with UWF FA and ICGA for chorioretinal diseases, including suspicious choroidal lesions and tumors, and to rule out inflammatory uveitis. These diagnoses may also have increased choroidal thickness and possible outflow restriction, but no included control eyes had diagnosed uveitic choroiditis. We also did not directly measure the diameter and density of the choroidal vessels but rather assessed the brightness levels in each quadrant with which the vessel diameter and density would be directly correlated. Hirahara et al.[@bib50] previously demonstrated that vessel density correlated to binarized pixelated ICGA images and also observed that choroidal vessel diameter was not significantly different in comparing eyes with and without CSC. Given these results, we did not repeat these measurements but instead assumed the findings of their study were accurate regarding choroidal vessel density and diameter. Instead, we employed a method by which we quantitatively analyzed UWF ICGA images by comparing the quadrant brightness relative to a reference quadrant within the same eye. Using this unique intraeye max-min brightness image analysis technique, we avoided the potential confounding effects of variation in axial length,[@bib67] refractive error,[@bib67] and contrast/brightness signal that could influence the results if comparing across eyes instead of within the same eye. Moreover, in our multivariate regression that made comparisons across eyes, we controlled for patient-eye-specific fixed effects, including indicator variables for the interaction between patient and eye, which would also remove any possible effects from confounding variables that differ across eyes (but remains the same within a given eye).

In this study, we also chose to use only mid-phase UWF ICGA images for analysis (due to the consecutive FA and ICGA acquisition feature on the Optos California), which results in only being able to transit one eye at a time. Moreover, we were unable to analyze any temporal differences between early, mid-phase, or late ICGA frames due to the small number of eyes and limited images to compare in both control and pachychoroid eyes. Replications in larger cohorts with multiple phases of ICGA filling may yield more reproducible results. Last, we acknowledge that the pachychoroid spectrum of disease includes PNV and PCV, in addition to CSC and PPE.[@bib13] However, no eyes with PNV or PCV were included in this study, since prior treatment with laser, photodynamic therapy, and anti--vascular endothelial growth factors was an exclusion criteria. Therefore, our findings may not be generalizable to the entire pachychoroid spectrum of diseases.

Nevertheless, this study describes a novel methodology in quantifying brightness levels per quadrant of mid-phase UWF ICGA within the same eye to evaluate variations in choroidal outflow. Future studies including correlations with other forms of angiography and Doppler imaging that penetrate beyond the sclera will help validate our results. In summary, we demonstrated variations in choroidal venous outflow in both normal and pachychoroid eyes by quantifying and comparing brightness levels in each quadrant of UWF ICGA. Increased brightness levels along inferior quadrants in mid-phase ICGA images suggest venous outflow congestion among eyes with central serous chorioretinopathy and pachychoroid pigment epitheliopathy.
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